ABSTRACT. The cell division of Echinosphaerium nucleofilum, strain MA, was carefully observed under differential interference optics and a polarizing microscope, by using a microchamber for side-viewing. The results were as follows : (i) organisms undergoing cell division always exhibited intensive adhesion to the glass substratum with remarkably shortened, supporting axopodia; (ii) motive force generated during cell division was considered to be derived mainly from retraction of supporting and leading axopodia located at both ends of the just-dividing organism; (iii) poly-L-lysine-coated substratum enhanced cell adhesion considerably but did not appear to result in cell division ; and (iv) remnants of cytoplasmic connecting bridges were often observed transformed to new axopodia, in which the filamentous structures showed positive birefringence.
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The retraction and elongation of microtubule-containing axopodia of heliozoan cells have been studied by many investigators including one of the present authors. However, most of these studies have dealt with artificial retraction induced by using various microtubule-degrading agents (9, 11, 14) , various cations (5, 6, 10) and others (4, 15) . Axopodial retraction and elongation are also known to be related closely to such fundamental cell functions as feeding, cell locomotion, and cell fusion (2, 8, 12, 13, 17, 18) . Therefore, the role of axopodia in these phenomena is also a matter of importance.
The object of this study was to determine the role of axopodia in cell division by repeated side-view observations under a light microscope, demonstrating the indispensable role of axopodia in particular reference to force producing function. During this study, we often found the formation of new axopodia derived directly from remnants of the cytoplasmic connection formed between a pair of prospective daughter cells. These showed the positive birefringence of a newly-formed axoneme inside the connecting bridge.
MATERIALS AND METHODS
Organisms. The live samples of Echinosphaerium nucleofilum strain MA used were originally collected from the campus of the Fukuoka University of Education, Munakata-cho, 1 All correspondence about this paper should be sent to Prof. Y. Shigenaka at the relevant address.
Fukuoka-ken, Japan. They have been cultured routinely in our laboratory at 20 +1°C in petri dishes and fed with rotifers and such small protozoans as Chilomonas and Paramecium. Knop solution (0.01 %) was used as the culture medium. Subculturing was done at intervals of 1 to 2 weeks. A considerable improvement in the culture method was obtained by using 1 % agar (Difco Laboratories, Detroit, Michigan, U.S.A.) layered on the bottom of culture dishes. Light microscopy. Side-view observations of cell movement and other morphological changes accompanying cell division were made with a microchamber which constructed after the description of Watters (18) . Slivers of slide glass were glued to a whole slide glass to construct the bottom and two sides of a chamber, then a cover slip (24 x 31 mm) was cemented to the slide as the front surface of the chamber (Fig. 1) . A series of time sequence photographs was taken under a Nikon light microscope equipped with differential interference optics with Kodak Panatomic-X film.
For polarization microscopy, a Nikon Apophoto microscope with Nikon rectified lenses, devised by S. Inoue of the University of Pennsylvania, was used with a Brace-KOhler compensator (A/20). Only by using this apparatus, could an axoneme or microtubular bundle in the axopodium be clearly seen at the light-microscopical level. All the light micrographs were taken with Kodak Tri-X film because its high photo-sensitivity enabled us to photograph even under dark field conditions. Measurement of the cell adhesion index. To obtain the cell adhesion index, about 20 organisms were put into each ring slide glass (14 mm inner diameter and 2 mm high) with fresh culture medium. The slide glass was covered with a cover slip and left for appropriate periods of up to 120 min at 20 +1°C. After being turned upside down, the ring slide was supported on the rim of a petri dish and left for 2 min. Then, the number of organisms adhering to the substratum was counted. The percentage of adhering organisms was used as the adhesion index. Polycation-coated slide glasses were used as substrata to attain much greater adhesiveness of cells. Poly-L-lysine (Protein Research Foundation, Osaka, Japan) was used at a concentration of 0.1 % according to the method of Mazia, Schatten and Sale (3).
RESULTS
Morphological changes in cell shape. At first, cell division in E. nucleofilum strain MA was observed only when cells were strongly adhered to a substratum, such as the bottom of a petri dish. Although adhesion to the substratum commonly occurred without cell division, this type of adhesion, which may be involved only in cell locomotion, was much weaker in intensity than that under dividing conditions . Therefore, the organism in this state could easily be torn from the substratum by gentle pipetting or shaking procedures. In contrast, during cell division, the intensity of cell adhesion became too great to remove the organism by pipetting, and cells had to be flattened with shortened supporting axopodia just under the cell body (1/5 to 1/3 the length of fully-extended axopodia). Side-view observations of more than ten organisms just undergoing cell division revealed that cell division in this species occurred as shown schematically in Fig. 2 . The cell division process tentatively been divided into the following four steps : (1) strong adhesion to the substratum accompanied by shortening of the supporting axopodia and subsequent flattening of the cell shape (Fig. 2B) , (2) formation of a constriction around the cell body (Fig. 2c) , (3) locomotion of the prospective daughter cells in the opposite direction, leaving a connecting bridge of cytoplasm (Fig. 2D) , and (4) the cutting of of the connecting bridge and the rounding up of the resulting daughter cells (Fig. 2E ).
Step 1 through 4 are usually completed within 30 to 90 min. A series of side-view light micrographs of a dividing organism are shown in Fig. 3 . As the photographs in Fig. 3 were taken at a relatively low magnification so that the change in cell shape might be clearly recognized , no If the motive force for cell division is derived from elongation of axopodia located near the cytoplasmic connection, then cell shape should be transformed as in figure A. However, if retraction of the leading axopodia generates the motive force, then cell shape will be as in B, which corresponds to our results.
Transition of the connecting bridge into a new axopodium. The remnant of the connecting cytoplasmic bridge, which was drawn out as a long and thin projection, often remained as a new axopodium during cell division, Fig. 3 . Moreover, this transition of the connecting bridges into new axopodia occurred in at least one daughter cell if not in both. The degree of transition in both cells is not known because of the difficulty of simultaneously tracing the cytoplasmic remnants from both cells and the presence of a number of axopodia around the remnants.
Polarized light microscopy revealed that the filamentous structures, thought to be bundles of microtubules, were formed inside and along the long axis of the connecting bridge, and that the new axopodium derived directly from the connecting bridge had an intense birefringence similar to that of the other axopodia (Fig. 6 ). In the early stage of cell division when the diameter of the connecting bridge was about 10 to 50 tcm, several filamentous structures became barely detectable under the polarizing microscope (arrows in Fig. 6A ). As the connecting bridge thinned, the intensity of the birefringence gradually increased and these barely perceptible filamentous structures seemed to be integrated into one axoneme-like structure, because the separate filaments could no longer be resolved (Fig. 6B, c) . Immediately before the cutting off of the connecting bridge, only one axoneme-like structure with a relatively intense birefringence (about 2 nm retardation at 546 nm) could be observed along the length of the bridge. It remained for a long time after cell division like the other axopodia.
Relationship between cell division and cell adhesion. When the glass substratum was coated with 1 % poly-L-lysine, strong cell adhesion induced within ten minutes in comparison with the uncoated substratum (Fig. 7) . With the polycation-coated substratum, the intensity of cell adhesion was much greater so that cells could not be torn off by gentle pipetting, and cells took on a flattened shape similar to that observed just before division, Fig. 2A . However, strongly adhering cells did not actually produce cell division over a period of three hours. The lower the concentration of poly-L-lysine used for the glass coating, the more the intensity of adhesion decrease (data not shown). In this case also no cell division was induced. DISCUSSION Watters (18) has reported that cell locomotion in E. eichhorni and Actinophrys sp. includes a rolling motion, which is supposed to be generated by forces produced between the cytoplasm and substratum by attached axopodia undergoing changes in length. In E. nucleofilum, we found that cell locomotion occurred as in E. eichhorni (Figs. 5 and 8) . We also found that the motive force for cell division in E. nucleofilum is closely related to this rolling motion, i.e. the retraction of the leading axopodia of each prospective daughter cell.
As the organism undergoing cell division always exhibited intensive adhesion to the substratum, this adhesion probably provides a favorable condition for cell locomotion during division. Artificially enhanced adhesion to the polycation-coated glass substratum did not favor cell division, probably because of the strong adhesiveness of the supporting axopodia, including those located just under the central region of cell body. Cells are always showed elongation and sliding of axopodia on the substratum as the division proceeded. As a slightly cationized-slide glass coated with a low concentration of poly-L-lysine also did not induce cell division, the substratum condition may not be closely related to the induction of cell division. Certain intra-cellular regulations might take place just before division to make leading axopodia much more sticky or to make trailing axopodia located near the cytoplasmic connection much less sticky, thus permitting their sliding above the substratum.
In a previous study, we investigated the relationship between the cell cycle and nuclear division (7). The generation time of E. nueleofilum strain MA was 34 to 40 hrs and nuclear division occurred during the volume increment stage which corresponds to age 0.8 to 0.9 if the length of each cell cycle of heliozoans is taken as unity. As in other cell types, nuclear division is probably the initial step in cell division. However, the cell cycle of the present species is very complicated because of the intercalation of the cell fusion phenomenon, frequently observed under normal cultural conditions (8, 13). Consequently, nuclear then cell division may not always be the chain of events in a given heliozoan cell cycle. As the substratum condition is not thought to be directly related to the induction of cell division, certain intra-cellular signals such as the fluctuation of nucleo-cytoplasmic ratio or other conditions of the culture medium may actually induce division.
Microtubular formation and degradation in E. nucleofilum under normal physiological conditions have not been much studied in comparison to studies with the artificial in vitro system. In the present study we found that axopodial retraction during cell division was more remarkable than in non-dividing cells undergoing locomotion, and that a new axopodium was constructed directly from the remnant of the cytoplasmic connecting bridge. As a model of microtubule formation and degradation, these phenomena might be useful in electron-microscopical studies. Whether the filamentous structures observed inside the thinning connecting bridge appear only at the late stage of cell division or are common when the cytoplasm is artificially stretched as a long projection should be determined. However, the latter possibility is not expected, because our preliminary experiments demonstrated that the stretching of the cytoplasm with a capillary did not produce fibrous structures. In addition, a polarizing light microscope with Nikon rectified lenses was very useful for detailed observation and for the dynamic characterization of the formation and degradation of microtubular bundles in vivo as in the mitotic apparatus. 
